Bacterial Lon proteases play important roles in a variety of biological processes in addition to housekeeping functions. In this study, we focused on the Lon protease of Azorhizobium caulinodans, which can fix nitrogen both during free-living growth and in stem nodules of the legume Sesbania rostrata. The nitrogen fixation activity of an A. caulinodans lon mutant in the free-living state was not significantly different from that of the wild-type strain. However, the stem nodules formed by the lon mutant showed little or no nitrogen fixation activity. By microscopic analyses, two kinds of host cells were observed in the stem nodules formed by the lon mutant. One type has shrunken host cells containing a high density of bacteria, and the other type has oval or elongated host cells containing a low density or no bacteria. This phenotype is similar to a praR mutant highly expressing the reb genes. Quantitative reverse transcription-PCR analyses revealed that reb genes were also highly expressed in the lon mutant. Furthermore, a lon reb double mutant formed stem nodules showing higher nitrogen fixation activity than the lon mutant, and shrunken host cells were not observed in these stem nodules. These results suggest that Lon protease is required to suppress the expression of the reb genes and that high expression of reb genes in part causes aberrance in the A. caulinodans-S. rostrata symbiosis. In addition to the suppression of reb genes, it was found that Lon protease was involved in the regulation of exopolysaccharide production and autoagglutination of bacterial cells.
Bacterial Lon proteases play important roles in a variety of biological processes in addition to housekeeping functions. In this study, we focused on the Lon protease of Azorhizobium caulinodans, which can fix nitrogen both during free-living growth and in stem nodules of the legume Sesbania rostrata. The nitrogen fixation activity of an A. caulinodans lon mutant in the free-living state was not significantly different from that of the wild-type strain. However, the stem nodules formed by the lon mutant showed little or no nitrogen fixation activity. By microscopic analyses, two kinds of host cells were observed in the stem nodules formed by the lon mutant. One type has shrunken host cells containing a high density of bacteria, and the other type has oval or elongated host cells containing a low density or no bacteria. This phenotype is similar to a praR mutant highly expressing the reb genes. Quantitative reverse transcription-PCR analyses revealed that reb genes were also highly expressed in the lon mutant. Furthermore, a lon reb double mutant formed stem nodules showing higher nitrogen fixation activity than the lon mutant, and shrunken host cells were not observed in these stem nodules. These results suggest that Lon protease is required to suppress the expression of the reb genes and that high expression of reb genes in part causes aberrance in the A. caulinodans-S. rostrata symbiosis. In addition to the suppression of reb genes, it was found that Lon protease was involved in the regulation of exopolysaccharide production and autoagglutination of bacterial cells.
A zorhizobium caulinodans ORS571 is a microsymbiont of a tropical legume, Sesbania rostrata, and is able to fix nitrogen in both the free-living and symbiotic states (15) (16) (17) . Nitrogenfixing nodules are formed by A. caulinodans on the stems, as well as on the roots, of S. rostrata. Stem nodules occur at the sites of adventitious root primordia located on the stems after crack entry invasion by A. caulinodans (61) . During crack entry invasion, bacteria proliferate in the epidermal fissures at the adventitious root primordia on the stems (28) . Cortical infection pockets are formed by local cell death, which is induced by the Nod factor that is synthesized by proteins encoded by nodulation genes (nod, nol, noe, and some other genes), and subsequent colonization by bacteria (28) . From the infection pockets, infection threads guide bacteria toward the cells in the nodule primordia for symbiotic uptake (11) .
Previously, the whole genome sequence of A. caulinodans was determined (38) . Alongside genome sequence analysis, we performed a concurrent large-scale screening of rhizobial genetic factors involved in nodule development using A. caulinodans mutants created by random Tn5 mutagenesis (57) . Among the Tn5 mutants screened, a mutant (Ao28-F11) with a transposon insertion in a gene (locus tag in the genome, AZC_1610) encoding a putative Lon protease was found to form stem nodules lacking nitrogen fixation activity.
Lon protease was first identified in Escherichia coli (58) , and Lon-homologous proteins have been further identified in a wide range of living organisms, including not only eubacteria but also archaea (42) , Saccharomyces cerevisiae (65) (66) (67) , plants (3, 34, 51) , and animals (7, 68) . Lon protease is an ATP-and Mg 2ϩ -dependent protease belonging to the superfamily of AAA ϩ proteins (ATPases associated with different cellular activities) (43, 45) . One of the functions of Lon protease is a housekeeping function that degrades misfolded proteins (29) . In addition, Lon protease degrades some specific regulatory proteins and thus is also involved in the regulation of a variety of biological processes that include cell differentiation, sporulation, pathogenicity, survival under starvation conditions, quorum sensing, or acid resistance in different bacterial species (62) .
Lon protease of bacteria also plays important roles in the interaction with plants. Many Gram-negative pathogens possess the type three secretion system (TTSS) that delivers effector proteins directly into the host cell cytosol. Lon proteases in some pathogens such as Salmonella enterica and Pseudomonas syringae are known to control the TTSS via degradation of TTSS regulatory proteins or effector proteins, and in same cases, pathogenicity or virulence is reduced by the mutation of lon (9, 36, 40, 59 ). In the case of Agrobacterium tumefaciens, Lon protease is thought to be required for the proper expression, assembly, or function of the VirB/D4-mediated T-DNA transfer system, and attenuated virulence has been reported for one lon mutant (55) . Furthermore, in Sinorhizobium meliloti, a microsymbiont of alfalfa, Lon protease is thought to be involved in the regulation of exopolysaccharide (EPS) synthesis and is required for normal nodulation (56) .
The EPS production of S. meliloti has been extensively analyzed. S. meliloti produces two kinds of EPSs, EPS I (succinoglycan) and EPS II (galactoglucan). S. meliloti contains two gene clusters (exo-exs and exp gene clusters) that direct the biosynthesis of EPS I and EPS II, respectively (5) . A. caulinodans produces a linear homopolysaccharide of ␣-1,3-linked 4,6-O-(1-carboxyethylidene)-D-galactosyl residues (12), but there is much less detailed information about the biosynthetic pathway and regulatory mechanism of EPS in A. caulinodans than in S. meliloti. A. caulinodans does not possess a gene cluster corresponding to the S. meliloti exo-exs cluster. However, two gene clusters (exp clusters I and II) putatively corresponding to the S. meliloti exp gene cluster, which is composed of the operons expE, expA, and expD, as well as the expG-expC operon (4, 24) , have been identified in the genome of A. caulinodans. exp cluster I (AZC_1831-1834), also known as the oac gene cluster, is composed of oac0, oac1, oac2, and oac3 (homologs of S. meliloti expA8, expA9, expA10, and expA7, respectively), and enzymes encoded by these genes are involved in biosynthesis of dTDP-L-rhamnose from glucose-1-phosphate (26) . exp cluster II (AZC_3319-3332) is composed of genes homologous to expA5, expE1 to expE7, expD1, expD2, expG, expC, and expA4 of S. meliloti. AZC_3332 encodes a hypothetical protein.
The expression levels of exp cluster I genes were not significantly changed among free-living bacteria in rich and minimal media and bacteroids in stem nodules. In contrast, the expression levels of the exp cluster II genes were higher in free-living cells grown in minimal medium than in those grown in rich medium, and the expression of these genes is more strongly induced in bacteroids than in free-living bacteria (63) .
In this study, we made a lon deletion mutant of A. caulinodans and carried out microscopic and expression analyses. On the basis of the data obtained from these analyses, we propose that Lon protease of A. caulinodans possesses new functions in the relationship between bacteria and plants.
MATERIALS AND METHODS
Bacterial strains and media. The bacterial strains used in this study are shown in Table 1 . A. caulinodans ORS571 (16) and its derivatives were grown at 37°C in TY medium (6) or in synthetic L3 medium (1) containing 10 mM or no NH 4 Cl, respectively (designated L3ϩN and L3ϪN media, respectively). L3 medium is a modified LO medium (15) , and except for NH 4 Cl, it consists of 10 mM potassium phosphate, Plant growth and bacterial inoculation. S. rostrata seeds were treated with concentrated sulfuric acid for 0.5 h, rinsed with sterile water, and soaked in sterile water on trays. The trays were placed at 37°C in an incubator in the dark for 3 days. After germination, S. rostrata plants were transferred into a commercial horticultural soil (Kureha Chemical) and grown at 35°C under a 24-h light regimen at an intensity of 50,000 lx as described previously (57) . Although this soil contained 0.4 g N/kg, stem nodule formation was not inhibited by the use of this soil because S. rostrata can form stem nodules even under 6.5 mM NO 3 Ϫ conditions (2) . A. caulinodans cultures grown overnight were inoculated onto the stems at 2 weeks after transplantation. The nodules formed on the second stem internode of each plant were used for analyses.
Sequence analysis. The nucleotide sequence of the entire genome of A. caulinodans ORS571 is available in the DDBJ/EMBL/GenBank databases under accession number AP009384. Homology searches based on amino acid sequences were performed using the BLASTP program on the National Center for Biotechnology Information (NCBI) server (www .ncbi.nlm.nih.gov/BLAST/). Searches for protein signatures were performed with the InterProScan program on the European Bioinformatics Institute server (www.ebi.ac.uk/InterProScan/). Multiple-sequence alignments and phylogenetic analyses were carried out with the ClustalW programs (60) .
DNA manipulation. Genomic DNA isolation, digestion with restriction endonucleases, DNA ligation, E. coli transformation, and plasmid DNA isolation were performed according to standard protocols (50) . PCR was performed using PrimeSTAR (TaKaRa). The plasmids and primers used in this study are shown in Tables 1 and 2 , respectively.
Construction of lon and/or reb mutant strains. Plasmids for gene deletion were constructed by using the splicing by overlap extension (SOEing) PCR method (32) . The genomic DNA isolated from A. caulinodans ORS571 was used as the template in each first round of SOEing PCR.
To construct the plasmid used for the lon gene deletion, a fragment containing the 5= end of lon and a fragment containing the 3= end of lon were amplified by the first-round PCR using two primer pairs, L1-L2 and L3-L4, respectively. L3 contains the complementary sequence of L2, and the two amplified fragments were integrated by the second-round PCR using L1 and L4. The integrated fragment was digested with EcoRI and BamHI and cloned into a suicide vector, pK18mobsacB, which allows sucrose selection for vector loss (52) . The resulting plasmid, designated pTAC89, was conjugated into ORS571 via E. coli S17-1 (pir) (53) to introduce deletions by allelic exchange. The lon deletion mutant was designated Anx171.
To make a double mutant with lon and reb deleted, pTAC68 (1) was conjugated into Anx171 and the resulting strain was designated Anx178.
The deletion of lon was confirmed by PCR using the genomic DNA of each strain with two primer pairs, L5-L6 and L5-L7. The deletion of the reb locus was confirmed by PCR using the genomic DNA of each strain with two primer pairs, R5-R6 and R5-R7.
For complementation analyses, a fragment containing the entire open reading frame (ORF) of lon was amplified by PCR using primers L1-L4 and the genomic DNA of ORS571 as the template. The amplified fragment was digested with EcoRI and BamHI and cloned into pTA-MTL (33) . The resulting plasmid, pTAC93, was conjugated into Anx171 via E. coli S17-1 (pir), selecting for kanamycin resistance. Correct chromosomal integration of the plasmid was confirmed by PCR using vector-specific primers (T1 and T2) and chromosome-specific primers (L5 and L7). The complemented strain was designated Anx173. Construction of strains expressing RGS·His 6 -tagged PraR. For analyses of PraR protein expression, a plasmid containing the praR (AZC_0013) ORF with an insertion of 5=-AGAGGATCCCATCACCATC ACCATCA-3= (designated the rgs·his 6 sequence) downstream of the start codon was constructed by SOEing PCR as follows. A fragment containing the upstream region and the 5= end of praR and a fragment containing the entire ORF of praR were amplified by the first-round of PCR from genomic DNA of ORS571 with two primer pairs, P1-P10 and P11-P5, respectively. P11 and P10 contain the rgs·his 6 sequence and its complement sequence at the 5= end, respectively. The two amplified fragments were integrated by the second round of PCR using P1 and P5. The integrated PCR fragment was digested with EcoRI and XbaI and cloned into pK18mobsacB. The resulting plasmid, pTAC102, was conjugated into both ORS571 and Anx171. The mutants possessing rgs·his 6 -praR derived from ORS571 and Anx171 after allelic exchange were designated Anx185 and Anx186, respectively. To confirm the correct integration of rgs·his 6 -tagged praR into the chromosome, the fragments amplified by PCR from genomic DNA of each strain with the chromosome-specific primer pair P6-P8 were digested with BamHI sites that are located in the rgs·his 6 sequence and the 3=-end region upstream of the AZC_0012 ORF. Furthermore, the fragments amplified by PCR from the genomic DNA of each strain with primer pair P12-P7 flanking the rgs·his 6 sequence were sequenced.
Purification of His 6 -tagged Lon. To construct a plasmid expressing N-terminally His 6 -tagged Lon (His 6 -Lon), the lon ORF was amplified by PCR using primer pair L8-L9 and genomic DNA of ORS571, and the amplified fragment digested with EcoRI and XbaI was cloned into the pCold I vector (TaKaRa). The resulting plasmid was designated pTAC103. To convert the catalytically active serine residue to alanine (S684A), site-directed mutagenesis was performed by PrimeStar Max methods (TaKaRa) using primer pair L10-L11 and pTAC103. The resulting plasmid, expressing N-terminally His 6 -tagged mutant Lon (His 6 -Lon S684A ), was designated pTAC112. E. coli BLR-DE3 (Novagen) carrying pTAC103 or pTAC112 was grown in LB medium containing 50 g/ml ampicillin at 37°C. When the optical density of the culture at 600 nm (OD 600 ) reached 0.4, 1.0 mM (final concentration) isopropyl-␤-D-thiogalactopyranoside (IPTG) was added, the culture was further incubated at 15°C for 24 h, and then the cells were collected by centrifugation. The collected cells were suspended in binding/washing buffer (20 mM sodium phosphate buffer [pH 7.4], 500 mM NaCl, 60 mM imidazole) with 5 mM dithiothreitol, and sonicated three times for 15 s at 1-min intervals. The lysed cells were centrifuged at 20,000 ϫ g and for 5 min at 4°C, and His 6 -tagged proteins were purified from the supernatant by using Ni ϩ -charged magnetic beads (His Mag Sepharose Ni; GE Healthcare) according to the manufacturer's instructions. The beads capturing His 6 -tagged proteins were washed three times with binding/washing buffer, and His 6 -tagged proteins were eluted using elution buffer (20 mM sodium phosphate buffer [pH 7.4], 500 mM NaCl, 500 mM imidazole). The protein concentrations in the eluted samples were measured by the Bradford assay using bovine serum albumin as the standard.
To evaluate the purity of the eluted His 6 -Lon and His 6 -Lon S684A , the eluted samples and total lysed cells were separated by SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis) using 10% polyacrylamide gels and the gel was stained with Coomassie brilliant blue (CBB) G-250. Furthermore, the eluted samples were fractionated by SDS-PAGE, electroblotted onto polyvinylidene difluoride (PVDF) membrane in EzFastBlot buffer (Atto), and incubated with mouse anti-His 5 antibody (Qiagen). Horseradish peroxidase (HRP)-conjugated sheep anti-mouse antibodies (GE Healthcare) were used in combination with the ECL Advance detection kit (GE Healthcare) for chemiluminescence and visualization in an LAS3000 Luminescent Image Analyzer (Fujifilm).
Protease activity assay. Protease activity was measured on the basis of the method of Twining (64) using the fluorescein isothiocyanate-labeled casein (FITC-casein) included in the Protease Fluorescent Detection kit (Sigma-Aldrich). Reaction buffer was made by mixing 20 l of incubation buffer (20 mM phosphate buffer [pH 7.6], 150 mM NaCl [supplied with the kit]) with 2 l of 100 mM ATP (final concentration, 4 mM), 5 l of 100 mM MgCl 2 (final concentration, 10 mM), and 20 l of 0.5% FITC-casein. When ATP and/or MgCl 2 was omitted, pure water was added instead. Five microliters of purified His 6 -Lon (320 ng/l), purified His 6 -Lon S684A (360 ng/l), or elution buffer, which was used for purification of His 6 -tagged proteins, was added to the reaction buffer, and it was incubated at 37°C in the dark. After 8 h of incubation, the reaction was stopped by adding 50 l of 0.6 N trichloroacetic acid and mixed well. After incubation for 30 min at 37°C in the dark, the reaction contents were centrifuged (10,000 ϫ g for 10 min at room temperature) and 10 l of the supernatant was mixed with 1 ml of 500 mM Tris-HCl (pH 8.5). For each sample, 200 l of the mixture was transferred to a black 96-well plate and fluorescence intensity was measured in an Infinite F200 PRO multimode plate reader (TECAN) at wavelengths of 485 nm (excitation) and 535 nm (emission).
Acetylene reduction activities (ARAs) of bacterial cultures. A. caulinodans strains grown in TY medium to an OD 600 of 0.8 were collected by centrifugation and washed twice with L3ϪN medium. The washed bacteria were suspended in L3ϪN medium and cultured for 5 h. Bacteria were then collected and washed twice with L3ϪN medium. Bacteria were suspended in 2 ml of L3ϪN medium to an OD 600 of 0.1 in a 32-ml test tube and grown under microaerobic conditions. After 16 h, acetylene was added to each tube up to 10% (vol/vol) and the bacteria were incubated for 2 h. After incubation, 400 l of gas was sampled from the tube and the concentrations of acetylene and ethylene were measured with a gas chromatograph (model GC-17A; Shimadzu) equipped with a fused-silica column (Rt-U PLOT; Restek). The OD 600 of each sample was measured after incubation with acetylene.
ARAs of stem nodules. Ten stem nodules per plant were harvested and placed into a 20-ml vial sealed with a butyl rubber septum. Acetylene was added to each vial up to 10% (vol/vol), and the harvested stem nodules were incubated at 37°C for 2 h. After incubation, 100 l of gas was sampled from the vial and the concentrations of acetylene and ethylene were measured.
Optical microscopic analysis. Stem nodules were cut into two or three pieces with a razor blade, fixed in 0.25% glutaraldehyde and 2% paraformaldehyde in 50 mM HEPES buffer (pH 7.0) for 3 h at room temperature, and then kept at 4°C overnight. The fixed stem nodules were washed with 50 mM HEPES buffer (pH 7.0), dehydrated through a graded ethanol series (70% for 2 h, 96% for 2 h, and 100% for 1 h), and then embedded in Technovit 7100 (Heraeus Kulzer) according to the manufacturer's instructions. The embedded stem nodules were sliced into 5-m sections with a microtome (RM-2125RT; Leica). The sections were stained with 0.05% toluidine blue O and observed using a bright-field microscope (DMLB; Leica).
Autoagglutination of bacterial cells. A. caulinodans strains grown in TY medium to an OD 600 of 0.8 were collected and washed twice with L3ϩN medium. The washed bacteria were suspended in 10 ml of L3ϩN medium to an OD 600 of 0.01 in 50-ml tubes. The tubes containing bacterial cultures were positioned vertically in a rotary shaker and incubated with shaking (200 rpm). After 16 h, aliquots of bacterial cultures were observed with a bright-field microscope.
Quantification of EPSs produced by bacteria. EPSs were quantified on the basis of the method of Gao et al. (23) , with some modifications. A. caulinodans strains grown in TY medium to an OD 600 of 0.8 were washed twice with L3ϩN medium and suspended in L3ϩN medium to an OD 600 of 1.0. Fifteen-microliter aliquots of the bacterial suspensions were spotted onto TY or L3ϩN solid plates containing 0.8% agar. After incubation for 3 days, as many bacteria as possible were collected with a platinum loop and resuspended in 300 l of buffer (10 mM Tris-HCl [pH 7.0], 10 mM MgSO 4 ). The bacterial suspension was centrifuged (10,000 ϫ g for 10 min at 4°C), and 250 l of the supernatant was put aside while the pellet was washed with an additional 300 l of buffer and centrifuged again and 250 l of the supernatant was added to the first supernatant. A 400-l volume of buffer was added to the pellet, and the OD 600 of the suspended bacteria was measured. A 100-l volume of the combined supernatant was mixed with 1 ml of 0.2% anthrone in concentrated sulfuric acid, incubated for 7 min at 100°C, and then quickly chilled on ice. The OD 620 of the chilled mixture was measured. D-Glucose was used as a standard to calculate the glucose equivalents in the EPS samples. EPS amounts from each colony were evaluated by normalizing to the OD 600 of the collected cell suspension.
RNA isolation and purification. For the free-living bacterial culture, 1/10 volume of ice-cold stop solution (5% water-saturated phenol in ethanol) was added to it and mixed well immediately. Bacteria were harvested by centrifuging, and bacterial pellets were quickly frozen with liquid nitrogen and stored at Ϫ80°C until RNA isolation. In the case of stem nodules, the harvested nodules were quickly frozen with liquid nitrogen and stored at Ϫ80°C. Before RNA isolation, the frozen stem nodules were ground with a mortar and pestle. Crude RNA was isolated from each sample using TRIsure (Bioline), and degradation of contaminating DNA and purification of total RNA were performed using NucleoSpin RNA II (Macherey-Nagel) according to the manufacturer's instructions.
Quantitative reverse transcription (RT)-PCR. Total RNA was isolated from free-living bacteria grown for 16 h in the appropriate medium and from stem nodules at 12 days postinoculation (dpi). The cDNA was synthesized from 400 ng of total RNA by using the PrimeScript RT reagent kit with gDNA Eraser (TaKaRa) according to the manufacturer's instructions. The synthesized cDNA was diluted exactly 20-fold and 400-fold with 10 mM Tris-HCl (pH 8.0) and used in the following quantitative PCR. The 400-fold-diluted cDNA was used for the analysis of 16S rRNA expression, while the 20-fold-diluted cDNA was used to determine the expression of other genes. Quantitative PCR was carried out with a LightCycler system (Roche) using a QuantiTect SYBR green PCR kit (Qiagen) with gene-specific primer pairs (R8-R9, R10-R11, R12-R13, and R14-R15 for reb genes AZC_3781, AZC_3782, AZC_3783, and AZC_3786, respectively; E1-E2, E3-E4, E5-E6, E7-E8, E9-E10, and E11-E12 for exp genes AZC_3319, AZC_3325, AZC_3326, AZC_3328, AZC_3329, and AZC_3331, respectively; P7-P9 for praR; S1-S2 for 16S rRNA) and 1-l aliquots of the diluted cDNA. Genomic DNA isolated from the ORS571 strain was used as the template in constructing the standard curves to determine the copy number of the transcripts of each gene. To evaluate the expression level of each gene, the copy number of transcripts of each gene was normalized to that of the 16S rRNA.
Western blotting analyses of RGS·His 6 -PraR. A. caulinodans strains grown in TY medium to an OD 600 of 0.8 were washed twice with L3ϩN medium. The washed bacteria were suspended in L3ϩN medium to an OD 600 of 0.01 and cultured for 16 h. The bacterial cells collected by centrifugation were sonicated (three times for 15 s at 1-min intervals) in phosphate-buffered saline (150 mM NaCl, 10 mM Na 2 HPO 4 , 20 mM NaH 2 PO 4 , pH 7.4) and fractionated by SDS-PAGE in 14% polyacrylamide gels. Fractionated proteins were electroblotted onto PVDF membrane and incubated with mouse anti-RGS·His 4 antibody (Qiagen), followed by detection using HRP-conjugated sheep anti-mouse antibodies and an ECL Advance detection kit as described above. After detection, PVDF membrane was stained with CBB G-250 to confirm that equal amounts of total cell protein were loaded for SDS-PAGE.
RESULTS
Genetic organization of the lon gene in the genome and structure of Lon. The lon gene (AZC_1610) is flanked by clpX (AZC_1609) and hupB (AZC_1611), which encode a putative ATP-dependent Clp protease and a putative histone-like DNAbinding protein, respectively. No lon-homologous genes other than AZC_1610 were found in the genome of A. caulinodans. The translation of the ORF of lon was previously predicted to start at a position 1,837,639 bp from the origin in the chromosome (38) . However, in this study, we propose that the ORF of lon starts 150 bp downstream of the previous position (see Fig. S1 in the supplemental material). A BLASTP analysis revealed that the Lon protein of A. caulinodans was 78% and 64% identical to the Lon proteins of S. meliloti 1021 (NCBI reference no. NP_385363) and E. coli K-12 (NP_414973), respectively. An InterProScan analysis revealed that an "ATPase, AAA ϩ type, core" signature (accession no. IPR003959) and a "peptidase S16 active site" signature (accession no. IPR008268), conserved in all known Lon proteases, were also present in the Lon protein sequence of A. caulinodans (data not shown). The proteolytic domains of Lon proteases typically contain a serine-lysine dyad critical for catalysis, with the lysine appearing 43 residues downstream of the catalytic serine (8) , and it was found that the Lon protein of A, caulinodans also contains a putative serine-lysine dyad (S684 and K727) in its sequence (data not shown).
Protease activity of recombinant Lon protease. To examine whether the deduced Lon protein of A. caulinodans really has protease activity, we generated N-terminally His 6 -tagged wild-type Lon protein (His 6 -Lon) and N-terminally His 6 -tagged mutant Lon protein (His 6 -Lon S684A ) with conversion of the putative catalytic serine to alanine (S684A). His 6 -Lon and His 6 -Lon S684A expressed in E. coli were purified and analyzed by SDS-PAGE and Western blotting with anti-His antibody. The molecular masses of purified His 6 -Lon and His 6 -Lon S684A were in agreement with the calculated molecular masses (89 kDa; see Fig. S2A and B in the supplemental material). The protease activities of purified His 6 -Lon and His 6 -Lon S684A were measured by degradation of FITCcasein in the presence of 4 mM ATP and/or 10 mM Mg 2ϩ (see Fig.  S2C in the supplemental material). The fluorescence intensity when His 6 -Lon was added to FITC-casein in the presence of both ATP and Mg 2ϩ was higher than that measured under the other conditions lacking either ATP or Mg 2ϩ . This result suggests that the Lon protein of A. caulinodans is an ATP-and Mg 2ϩ -dependent protease, just like the other known Lon proteases. The fluorescence intensity was not increased when His 6 -Lon S684A was added to FITC-casein, even in the presence of both ATP and Mg 2ϩ , suggesting that serine 684 is actually required for proteolytic activity.
Phenotypes of the lon deletion mutant in the free-living states. In this study, we made a lon deletion mutant strain (Anx171) and an Anx171 derivative strain (Anx173) complemented with lon. For the genetic organization of Anx171 (⌬lon) and Anx173 (⌬lonϩlon), see Fig. S1A in the supplemental material. The deletion of lon in Anx171 (⌬lon) and the chromosomal integration of the plasmid carrying the entire ORF of lon in Anx173 (⌬lonϩlon) were confirmed by PCR (see Fig. S1C and D in the supplemental material).
The growth and nitrogen fixation activity of Anx171 (⌬lon) in the free-living state were compared to those of ORS571. To avoid autoagglutination of bacterial cells (see below), these strains were cultured in test tubes containing liquid medium and incubated in an inclined position with vigorous reciprocal shaking. The growth of Anx171 (⌬lon) was not significantly different from that of ORS571 during culture in TY medium under aerobic conditions and in L3ϪN medium under microaerobic conditions, but it was slower than that of ORS571 during culture in L3ϩN medium under aerobic conditions (see Fig. S3A in the supplemental material). The growth of Anx173 (⌬lonϩlon) was not significantly different from that of ORS571 under any of the conditions (data not shown). Significant differences between the ARAs of ORS571 and Anx171 (⌬lon) were also not observed when the bacteria were grown in L3ϪN medium under microaerobic conditions (see Fig.  S3B in the supplemental material), suggesting that Lon protease is not involved in nitrogen fixation in the free-living state.
When A. caulinodans ORS571 was cultured with rotary shaking in L3ϩN medium in test tubes positioned vertically, the bacterial cells showed autoagglutination, forming large clumps (Fig. 1) . This autoagglutination was not observed when ORS571 was cultured in TY medium (data not shown). In contrast, Anx171 (⌬lon) did not show autoagglutination even when cultured in L3ϩN medium under such mild shaking conditions (Fig. 1) . Anx173 (⌬lonϩlon) showed autoagglutination similar to that of ORS571 (data not shown).
It is known that a lon mutant of S. meliloti produces larger amounts of EPS than the wild-type strain (56) . Thus, the EPS production of Anx171 (⌬lon) was compared to that of ORS571. To quantify the amounts of EPS released from bacterial cells, bacterial cultures grown in liquid medium were spotted onto TY and L3ϩN plates and incubated for 3 days (Fig. 2A) . In both TY and L3ϩN plates, the diameters of spreading colonies of both strains were almost the same. However, the central region of each colony formed by ORS571 on L3ϩN plates appeared less dense than that of a colony formed by Anx171 (⌬lon), a clear distinction between the phenotypes of Anx171 (⌬lon) and ORS571. After incubation, most of the bacterial cells were scraped from the plates and the amounts of EPS were measured according to the method of Gao et al. (23) . When Anx171 (⌬lon) was grown on TY plates, its EPS production was not different from that of ORS571 (Fig.  2B) . When grown on L3ϩN plates, these two strains produced more EPS than on TY plates; however, the amount of EPS produced by Anx171 (⌬lon) was smaller than that produced by ORS571 (Fig. 2B) .
Phenotypes of stem nodules formed by the lon deletion mutant. ORS571 and Anx171 (⌬lon) were inoculated onto the stems of S. rostrata, and stem nodules formed by these strains were observed (Fig. 3A) . The stem nodules formed by Anx171 (⌬lon) were smaller than those formed by ORS571. The color of the inner region of the stem nodules formed by Anx171 (⌬lon) was pale pink at 7 dpi and white at 12 dpi. This result suggests that Anx171 (⌬lon) did not affect leghemoglobin induction in host plants at the early stage of nodule formation but the symbiotic process was aborted at the subsequent stage of nodule formation. To investigate the nitrogen fixation activities of the nodules formed by each strain, ARAs were measured chronologically after inoculation (Fig. 3B) . The ARAs of the nodules formed by Anx171 (⌬lon) were very low but detectable at 7 dpi and 10 dpi; however, they were not detected at 12 and 14 dpi. The size, inner-region color, and ARAs of Anx173 (⌬lonϩlon) and ORS571 nodules were almost identical to each other (data not shown).
To investigate the phenotypes of stem nodules in detail, microscopic analyses were carried out (Fig. 4) . The ORS571 nodules are shown filled with oval or elongated host cells that were infected with bacteria at both 7 and 12 dpi in Fig. 4A , E, and I. These oval or elongated cells were also observed in the Anx171 (⌬lon) nodules at 7 dpi (Fig. 4B and F ), but these host cells contained a lower number of bacteria than those of ORS571, and vacuoles were observed in such host cells (Fig. 4F) . Furthermore, some oval or elongated cells were not stained, suggesting that vacuoles were fully expanded in such cells (Fig. 4F) . In addition, shrunken host cells containing a larger number of bacterial cells than these oval or elongated cells were observed in Anx171 (⌬lon) nodules at 7 dpi (Fig. 4F) . These shrunken cells in Anx171 (⌬lon) nodules were also observed at 12 dpi (Fig. 4J and M) . Oval or elongated cells were also observed in Anx171 (⌬lon) nodules at 12 dpi, but most of these cells were not stained (Fig. 4M) . These results were very similar to those of an A. caulinodans mutant, Anx7, with a deletion of the praR gene encoding a putative transcription factor whose gene homologs are highly conserved in Alphaproteobacteria (1). To confirm the similarity, the Anx7 (⌬praR) strain was inoculated onto stems and the phenotypes of the nodules formed by this mutant were compared to those of the nodules formed by Anx171 (⌬lon). The nitrogen fixation activities of Anx7 (⌬praR) nodules were lower than those of ORS571 nodules but higher than those of Anx171 (⌬lon) nodules (Fig. 3B) . The inner regions of nodules at 7 and 12 dpi were observed by microscopy (Fig. 4C, G, K, and N) . Although most aspects of host cells in Anx7 (⌬praR) and Anx171 (⌬lon) nodules were similar, the number of shrunken cells containing bacteria seemed to be higher in Anx7 (⌬praR) nodules than in Anx171 (⌬lon) nodules (Fig. 4J and K) .
Quantitative RT-PCR analyses of reb and exp genes. Previously, we found that shrunken host cells containing high-density bacteria were caused by high expression of the reb genes in Anx7 (⌬praR) (1). The results of microscopic analyses suggest that reb genes are also highly expressed in Anx171 (⌬lon). Thus, the expression levels of four reb genes (rebD1, AZC_3781; rebA1, AZC_3782; rebD2, AZC_3783; rebA2, AZC_3786) in Anx7 (⌬praR) and ORS571 in the free-living and symbiotic states were analyzed by quantitative RT-PCR (Fig. 5A ). In the case of freeliving bacteria grown in L3ϩN or TY medium, the expression levels of these four genes were 3-to 4-fold higher in Anx171 (⌬lon) than in ORS571. The expression levels of these four genes of ORS571 were lower in nodules than in free-living bacteria. However, the expression levels of these four genes in Anx171 (⌬lon) nodules were much higher than in the free-living Anx171 (⌬lon) strain, and these were 1,000-to 2,000-fold higher than in ORS571 nodules.
Because the amounts of EPS produced by Anx171 (⌬lon) grown on L3ϩN medium plates were lower than those from the ORS571 strain, the expression levels of some exp genes putatively related to EPS production were also analyzed. In this study, we selected six genes (AZC_3319, expA5 like; AZC_3325, expE2 homolog; AZC_3326, expE1 homolog; AZC_3328, expD1 homolog; AZC_3329, expG homolog; AZC_3331, expA4 like) from among the exp cluster II genes (Fig. 5B) . When bacteria were grown in TY medium, the expression levels of these Anx171 (⌬lon) genes were almost the same as in ORS571, except for AZC_3325 (2.5-fold higher). The expression levels of the ORS571 genes were 3.7-to 35-fold higher in L3ϩN medium than in TY medium, but those of Anx171 (⌬lon) were 1.2-to 3.7-fold higher. The expression of AZC_3325 and AZC_3326 in both strains was further induced in stem nodules, and AZC_3328 of Anx171 (⌬lon) was rarely expressed in stem nodules.
Phenotypes of the lon reb double mutant. In a previous study, we found that a double mutant with deletions of praR and reb formed wild-type nodules (1). To investigate whether the aberrant phenotypes of nodules in the Anx171 (⌬lon) strain were caused by high expression of reb genes, we made a strain, Anx178, with deletions of both lon and reb (see Fig. S1B in the supplemental material). The deletions of lon and reb from Anx178 (⌬lon ⌬reb) were confirmed by PCR (see Fig. S1C in the supplemental material).
There were no significant differences in growth, nitrogen-fixing ability, autoagglutination, or EPS production between freeliving Anx178 (⌬lon ⌬reb) and Anx171 (⌬lon) when these mutants were grown under the same respective conditions employed in the comparison of the lon mutant and the wild-type strain (data not shown). Next, we investigated the phenotypes of Anx178 (⌬lon ⌬reb) nodules. Anx178 (⌬lon ⌬reb) stem nodules were larger than those formed by Anx171 (⌬lon) but smaller than ORS571 stem nodules (Fig. 3A) . The red color caused by leghemoglobin was detected in the inner region of the Anx178 (⌬lon ⌬reb) stem nodules at 12 dpi, although it was lighter than in the ORS571 nodules (Fig. 3A) . The ARAs of the Anx178 (⌬lon ⌬reb) nodules were higher than those of the Anx171 (⌬lon) nodules and were detectable even at 14 dpi, although these were lower than those of the ORS571 nodules (Fig. 3B) .
By microscopic analyses, oval or elongated cells filled with bacteria were observed in the stem nodules formed by Anx178 (⌬lon ⌬reb) at 7 dpi and some of these host cells contained expanded vacuoles ( Fig. 4D and H) . These oval or elongated cells were also observed in nodules at 12 dpi, but they contained fewer or no bacteria and more expanded vacuoles were observed ( Fig. 4L and  O) . Shrunken host cells containing high-density bacteria, which were observed in Anx171 (⌬lon) and Anx7 (⌬praR) nodules, were not observed in Anx178 (⌬lon ⌬reb) nodules.
Expression levels of the praR gene and PraR protein in the lon mutant. To explore the causes of high expression of reb genes in Anx171 (⌬lon), we analyzed the expression levels of the praR gene and the PraR protein. First, the expression levels of praR in Anx171 (⌬lon) in the free-living and symbiotic states were compared to those in ORS571, but there were no significant differences in the expression levels of praR between these two strains under any condition (Fig. 5C) . Next, to investigate the expression levels of the PraR protein, the native praR ORFs in the genomes of ORS571 and Anx171 (⌬lon) were replaced with a modified praR ORF encoding RGS·His 6 -PraR. Two strains derived from ORS571 and Anx171 (⌬lon) were designated Anx185 and Anx186, respectively (see Fig. S4 in the supplemental material) . The presence of RGS·His 6 -PraR in the lysates of Anx185 (wild type, rgs·his 6 -praR), Anx186 (⌬lon, rgs·his 6 -praR), ORS571, and Anx171 (⌬lon) grown in L3 medium was estimated by Western blot analysis with anti-RGS·His 4 antibody (Fig. S5 in the supple- mental material). RGS·His 6 -PraR was detected in Anx185 (wild type, rgs·his 6 -praR) and Anx186 (⌬lon, rgs·his 6 -praR) lysates, and it was found that the expression levels of RGS·His 6 -PraR were not different between these strains.
DISCUSSION
For establishment of a symbiosis between rhizobia and legumes, the power balance between the two partners should be adequately maintained in nodules. The expression of genes having harmful effects on each partner should be suppressed. The expression of the reb genes of A. caulinodans seems to be representative of this power play.
In this study, we found that the lon deletion mutant of A. caulinodans formed aberrant stem nodules and that this aberrance was in part caused by high expression of reb genes. The reb genes were originally identified from Caedibacter taeniospiralis (30) . Caedibacter species are obligate endobiotic bacteria inhabiting paramecium hosts and are characterized by their ability to produce R-bodies (refractile inclusion bodies), which are insoluble protein ribbons that are seen coiled into cylindrical structures within the cell (47) . It has been reported that paramecia that contain Caedibacter cells producing R-bodies kill paramecia that do not contain endobionts or that contain endobionts that are not of the same Caedibacter species (47, 48) . Furthermore, a Caedibacter mutant that is defective in R-body production has also been observed as not exhibiting "killer traits" (13) . The rebA, rebB, rebC, and/or rebD genes of C. taeniospiralis are present on plasmids and are involved in R-body synthesis and assembly (30, 35, 49) . For a long time, the focus of research on reb genes and R-bodies had been only on the relationship between paramecia and Caedibacter bacteria. However, genomic sequencing analyses of different kinds of bacteria have revealed that some species that belong to the phylum Proteobacteria, as well as Kordia algicida OT-1 (54) , which belongs to the phylum Bacteroidetes, possess reb-homologous genes, although reb-homologous genes have not been found in rhizobia other than A. caulinodans (1) . Recently we carried out a functional analysis of the reb genes of A. caulinodans, which is the first example of such an analysis outside Caedibacter, and found that high expression of the reb genes caused aberrance in A. caulinodans-S. rostrata symbiosis (1). The expression of the reb genes is suppressed by the transcription factor PraR, and a praR reb double mutant formed normal stem nodules, although it is still unclear whether the expression of reb genes is regulated by PraR in a direct or an indirect manner.
Microscopic observations (Fig. 4) revealed that the nodule phenotypes of the lon mutant are similar to those of the praR mutant. It is noteworthy that shrunken host cells containing highdensity bacteria were observed in the nodules formed by both mutants. These shrunken host cells were not observed in the stem nodules formed by the lon reb double mutant and the praR reb double mutant (Fig. 4) . Taken together with the findings that the reb genes were highly expressed in the lon mutant (Fig. 5) and the praR mutant (1), these results strongly suggest that these shrunken host cells are the result of the high expression of the reb genes. As described above, the reb genes of Caedibacter could be responsible for the "killer trait" of the host paramecia. Thus, it is presumable that the shrunken host cells resulted from the attack of the bacteria highly expressing the reb genes. In addition to shrunken host cells, oval or elongated host cells were also observed in the nodules formed by the lon mutant and the praR mutant (Fig. 4) . Bacteria were observed in such host cells at early stages of nodule formation (at 7dpi), but the bacterial density was lower than in shrunken host cells. In addition, expanded vacuoles were observed in these oval or elongated host cells. At a later stage of nodule formation (at 12 dpi), oval or elongated host cells rarely contained bacteria. It is presumed that the bacteria were lysed by the enlarged vacuoles in the oval or elongated cells; i.e., such host cells attack the bacteria, resulting in the elimination of the bacteria. From these observations, one of the most important functions of Lon protease in nodule formation is to maintain the power balance between A. caulinodans and S. rostrata by suppressing the expression of the reb genes.
Although the double mutation of praR and reb resulted in wildtype nodule formation (1), the double mutation of lon and reb did not ( Fig. 3 and 4) . This difference between the two sets of mutants suggests that the Lon protease controls some factors required for nodule formation in addition to suppression of the reb genes. It is possible that EPS production is one of these factors. The lon mutant in the free-living state produces a smaller amount of EPS than the wild type (Fig. 2) , and one of the exp genes (AZC_3328, an expD1 homolog) was rarely expressed in the stem nodules of the lon mutant (Fig. 5) . Rhizobial EPSs, especially of S. meliloti and Rhizobium leguminosarum, are known to play important roles in the establishment of symbiosis and are required for bacterial attachment to root hairs, curling of root hairs, elongation of infection threads, invasion of host cells, protection against plant defense responses, and so on (10, 14, 19, 20, 22, 25, 27, 31, 37, 39, 39, 44) . In the case of A. caulinodans, two mutants, ORS571-X15 and ORS571-oac2 (23, 26) , are known to be EPS-deficient mutants that have mutations in oac3 (AZC_1831) and oac2 (AZC_1832), respectively, These mutants are also known to have truncated lipopolysaccharides (LPSs) with an altered O-antigen structure (23) . Based on a series of studies using these mutants, it is proposed that EPSs protect the bacteria against H 2 O 2 produced by the plant in the infection pockets and infection threads in these early steps of nodulation (11, 12, 23, 41) . Because there is little information about EPS-deficient mutants of A. caulinodans, especially in the case of the exp cluster II gene mutants whose LPS production is not thought to be altered, the real function of EPSs in A. caulinodans nodule formation is still unclear. We did not carry out further analyses of EPS production in this study because our major interest was in reb gene expression, but it is interesting to speculate how the Lon protease controls EPS production and the expression of exp genes in A. caulinodans. In contrast to A. caulinodans, an S. meliloti lon mutant overproduces EPSs and this overproduction has been speculated to be one of the causes of the defective symbiotic phenotype of this mutant (56) . Thus, it seems likely that EPS production in each rhizobium is controlled differently by the Lon protease.
In this study, we found that the lon mutant did not show autoagglutination even when grown in L3ϩN medium, unlike the wild type (Fig. 1) . The relationship between the Lon protease and autoagglutination has been well analyzed in Pseudomonas syringae pv. phaseolicola. A lon mutant of P. syringae develops larger aggregates than the wild type, which are caused by the increased expression and assembly of a functional TTSS apparatus (46) . As A. caulinodans does not possess TTSS-related genes in its genome, autoagglutination of this bacterium is caused by other factors.
Both Lon and PraR are required for the suppression of reb genes. The interesting question is whether these two factors regulate the expression of reb genes in a cooperative or an independent manner. It is unlikely that PraR regulates the expression of reb genes via Lon (i.e., PraR regulates the expression or activities of Lon) because the praR reb double mutant forms wild-type stem nodules but the lon reb double mutant does not (Fig. 3 and 4) . If PraR had an influence on Lon properties such as the expression and activity of lon and Lon, etc., and if the deletion of praR led to ineffectiveness of Lon, then the praR reb double mutant would form stem nodules similar to those of the lon reb double mutant. Furthermore, the praR mutant shows autoagglutination, just like the wild-type strain, but the lon mutant does not (Fig. 1 ). This fact also strongly suggests that Lon is not under the control of PraR. In addition, the previous microarray analysis showed that the deletion of praR had no influence on the expression levels of lon in the free-living state (1). So, is expression of the praR gene or the PraR protein under the control of Lon? We carried out expression analyses of both to answer this question, but the expression levels of the praR gene and the PraR protein are not influenced by the deletion of lon ( Fig. 5 ; see Fig. S5 in the supplemental material). However, these results cannot negate the hypothesis that the PraR-mediated regulatory system is under the control of Lon. Recently it was reported that PraR is involved in quorum-sensing regulation in R. leguminosarum. PraR represses the expression of the rhiR and raiR genes, which encode transcription regulators involved in quorum-sensing regulation, and PraR is displaced from these promoters when PraR is bound to a small regulatory protein, CinS (21) . Although cinS is present in only a few rhizobia (18) and not in A. caulinodans, it is possible that the activity of PraR in A. caulinodans might be controlled by binding to an unknown regulator other than CinS and that the properties of such a protein might be influenced by Lon protease activity. As another option, there still remains the possibility that Lon and PraR independently regulate the expression of reb genes. In any case, only Lon and PraR have been identified as regulation factors for the expression of reb genes, so further analyses are required to elucidate the reb expression system.
